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SUMRIT JUNTANA : STUDY OF MECHANICAL VIBRATIONS IN
HARD DISK OF BRUSHLESS DC MOTOR BY USING FINITE
ELEMENT METHOD. THESIS ADVISOR : ASST. PROF. PADEJ]

PAO-LA-OR, Ph.D., 195 PP.

BRUSHLESS DC MOTOR/FINITE ELEMENT METHOD/TIME STEPPING

METHOD/HARD DISK DRIVE/ELECTROMAGNETIC FORCE/VIBRATION

This thesis presents a set of mathematical model of magnetic fields and
mechanical vibration in a brushless dc motor (BLDCM) or spindle motor of computer
hard disk drive (HDD) by using a set of second-order partial differential equations.
Computer-based simulation utilizing the two-dimensional time stepping finite element
method is exploited as a tool for visualizing magnetic fields distribution through the
cross-sectional area of a BLDCM operating with transient state and steady state rotor
movement. The equations such that the solutions of electromagnetic forces across the
motor cross sectional area causing vibration could be studied. Finite Element Method
is one among popular numerical methods that is able to handle problem complexity in
various forms. At present, the finite element method has been widely applied in most
engineering fields. Even for problems of magnetic fields distribution, the finite
element method is able to estimate solutions of Maxwell’s equations governing the
machine systems. To solve this time-dependent system, a step-by-step numerical
integration of the backward difference algorithm is applied. To evaluate its use, 12-V
8-pole 12-slot and Y-winding BLDCM was tested. This thesis utilizes the advantages

of the FEM for handling the mechanical vibration problem in BLDCM. And discusses



about the simulation results show good agreement with the vibration measurement
results. The computer simulation based on the use of the finite element method has

been developed in MATLAB programming environment.
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A-B=|4|Blcosf=AB, + 4B, +AB. (3.2)

4 1 4 [ U [
o 6 AvyuTTNINNNADT 4 N B waz 0<O <7 d1 Ax B AomIguiuuuuAsod

9
' a J a
(cross product) i(38NNIRMUUVUTI MIAMFAINKNDF (vector product) Heu Tag

AxB=|A|B|sin6(+n) (3.3)

b4
(% [

4 a I 4 4 4 o a

Lﬁ'ﬂ) n 1!EJ"I?JGl,ﬁ}L‘IJHL’Jﬂmﬂﬁ@]QﬂTﬂﬂllLf]ﬂL@]f’Jﬁ A Uae B Tﬂﬂlﬂ%i’)\iﬂlﬂﬂ + Gl,“]af}ﬂ"lﬁuﬂvlﬂﬂ"lﬂ
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VDIWAULINADITUUUANTOE Tagannes 4 WZJ‘HQTJJLGUNHTWﬂ"IL‘]JHHN 0 1MIINIANDT
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B ﬁ]zmﬂuﬂsl‘w n 11uuan “lm/mmﬁﬂuﬂj1uﬂﬂ1wuﬂiwgﬂuau NIVYANANNITUDIANG Iﬂfl
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mmuﬁﬂg°lmmaumm”lﬂ1ummmfnzﬂmuﬂcl,ﬁ n 3luuan HAZNINAYANIDDONIINIUD

Q

[

Sagazimualififiuan Juiion 1dfungiewinives
AxB=(4,B. - 4B, i +(ABg=aB.)j+(4.B, - 4B ) (3.4)

A = =) A Y o 1:9{’
mewﬂuﬂlugﬂmmﬂmaﬁmmuﬁﬁlﬂ NU

i j Tk
AxB=|4, A, A (3.5)
B, B, B

A aa o a 4 a P I ti’
memmnmmmWaﬂmwmmmmazNaﬂqunﬂmawuﬂuwugm
Ay v Y 2 o a = = " Aa o @ o P ¢ o
IUBDIAULLIAN (ﬂTﬂuuﬂQ@’IHHUﬂTiﬁﬂ‘bﬂﬂ\‘lﬂ'13‘H'lﬂ1!%’\19‘%Wuﬁﬂl@ﬂﬁﬂﬂ%uﬁlﬂﬁTiLm%ﬁﬂﬂ‘lﬂu
J I a o fLaw = 1 1 [ dy
INRDT (FIUTIA AUAYANAIYEY, 2545) «m%zﬂmma"lﬂmu

117 £ dudanFuanars 3duls £(x, y,z) ud1 auFeoyuiueg

3

v A

Jd o
Wandu £ annsaonlddadl

dfz%dx+%dy+gidz (3.6)
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o v o A o JAa 1 [ dy
HAZAINNITNINUAAIAUUUNTOYNUTNLIINIUAA (del: V) aqu
.0 .0 0
Vei—tj—tk— (3.7)
o oy o

v & 4 o o 1 J 9y % ' J . Jd o
Ao V nszvhaeiensu £ 21d V£ FaiEeniunsifeud (gradient) voawentu £

Tagazianunuieluanyaue

(3.8)

Vf = '6f+j@+k@
V4

o Ty o

Y o Y A J Y = g Y = ' 4 4
uazmmwuﬂ"lw A asnnwesual V- A4 GINL‘]_Iuﬂiiﬂmﬂul!ﬂﬂﬂﬂﬂ’ﬂgﬁEJﬂ'J"Illﬂl’Ji’J'iH]uG]i

(divergence) V04 4 Henulag

04
V-A= o4, +—+ %4 (3.9)
ox Oy Oz

U X @ 1 ad a
a1 Vx4 suilumsganuuuuaseaizizoninnga (curl) ves 4 e lag

04 04
VxA4= aAZ— 2 i+(8Ax—8Azjj+ y_an k (3.10)
oy Oz 0z Ox ox Oy

A = =) Ia Y o dy
mevuauiugﬂmm@maimmumﬂ NU

ik

Vx40 9 O G.11)
ox 0Oy oz
A, A4, A

2 J ad g A v do o & 9 o A
"lm’mimuwazmimﬂmwmﬁ)uwu‘ﬁauﬂmim L31ﬁ1ﬂ13ﬂﬁl°ﬁlﬂﬂﬂ1luuﬂ13

o 4 v Jdo o 2 A 1 X @ £
doeniune 17 laoyusouauaes AiEenian)andou (laplacian: V2) Fauiaas laaail
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V?= + + 3.12
ox®  oy* oz’ (12

o
1% 4 Aennwod a2 ldalanseuvns 4 Ao

0’4, ., 0°4, ; L4
Vid= 220 % s 2 “k (3.13)

@ [ ]

@ [ Jd o
L@ﬂﬁﬂ?ﬁlmmﬂ\inﬂlﬁﬂiﬂﬁq e @fﬂi@uuurﬂﬁ@u uf H Uﬁaﬂﬁ@gzLﬂﬂaﬂymﬂﬁllﬁﬂﬂﬁlﬂﬂ

[

aumsn (3.14) 1ag (3.15) aaiife

V. (VxA)=0 (3.14)

Vx(VxA)=V(V-A4)-V°4 (3.15)

e

p cos ¢ : i
/ //
r/

‘]J‘I?I 3.1 mmanwu‘ﬁs NINNAARINULAZNAANTINTVON

9
v W

AAIRINFINULALAY (William, 1989) 1IANNARIA

[

msuasszunina Ny
I A v (% {
Tilitluninansanszuen (cylindrical coordinate) Aataanieg i 3.1 aunsouandldlasd i

4 flunnmefla q melunfighl Fueaseglugivesiinanin e
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A=4a +4a +4a, (3.16)
y I 14 k ' IS J a o
e @, a, uaz &, Wunnmeinilaniie lavll 4, 4, uay 4 Wudimiszneviidanin
% { ' 1 a o I 4
Favzaesgnilasuleglugildivlszneuiinansnszuen Tasd1ld 4 Wlunnaesle q
AR ] a v A
Melufigl saaasedlugivesinansinszuen Ao

A =4a +4,a,+4a, (3.17)

y < 4 % 1 I U Ao
e a, a, uaz a, 1Wunnmeivilaniie lasl 4, 4, uaz 4, \Wudiulszneviiia

n3anszUen 13UR 3.1 9wfiui s 9a P(x, v, z) ¥Wio P(p,¢,z) 12 1dN
X=pCOS¢, y=psing.,z=2z

< 1w l @ o = v Y
UMW x,y,z ag“lumemmmuﬂs 0,0,z wazlushusaufednuaz lan

p=+x*+y%, ¢=tan‘1z, = &
X

= < ' v l @
Faziunawls p ¢ uag zedlumenvesdinls. x vy wag z

= a v : I a v X @ Y
lumsnlasuninszounnaniialhiudniinanile ez lduanmsquniuaes
o { a v I a o 1 § l
nnmesuuuaen madsuiinaninliiufinansinszuenszdeaman 4, uaz 4, fegly

A _ =& Y v dy
mowves 4, uaz 4, lavi 4 =4 Fuaasldasil
A=4-a=(4a +4a,+4a,)a =4a,-a +4a,a

A,=A4,c08p+ A, sing (3.18)
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A¢=A-a¢=(Aan +4,a, +Azaz)~a¢ =4da,-a,+4a,-a,

A,=—ASing+ 4, cos¢ (3.19)

[ A o I Aa o [
arunsudasoiniinanin ldillunnansanay (spherical coordinate) AaLLEA

#0317 3.2 aunsauaasldlas 1% 4 dunnmeila 9 aeluiligil Faaasegluzlves

U
(Y A

NAANTINAY

A=4a,+43,+4,3, (3.20)

4 I 14 % 1 =l I 1 a v
iio @, a, waz a,unnaeivilanioe lasll 4 4, uaz 4, Wudiwisznouiinansa

nay

\
\\
~
\{é.
—”
-
’/

\ s

vl —d-=
\
\

-
-
——

{ v o ' A v Ao
gﬂﬁ 32 ANUAUNUTIEHUINNAARINUASWNANITINAY

110310 3.2 Ui a1 98 P(x, y,z) %30 P(r,0,¢) 12 18N
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X=rsinf cosg, y=rsSindsing, z=rcosd
< R ' @ o @ 1
wiunAls xy uaz z eglumenvesdunls 7 0 uaz ¢ luhueudsanuaz 14

z

Jxi+y? 4zt X

r=+x’+y*+z*,0=cos*

. < ' o 1 @
Favzwundgwls 7 0 waz ¢ oglumonvesdnls x y way z
{ a v I a o v { ]
msuasuiinanin lliluiinansnay wdesma 4. 4, uaz 4, negly

v Y
monves 4, 4, uaz A Fwaaalddal
A =4a =(4a,+4a,+4a,)-a =4a -a +4a,a +4a,-a,
A, = A Sinécosg + A sinésing + A cos@ (3.21)
Ay= A-a,=(4a,+4a,+4a,)a,=4a,-a,+4a,3,+4.a,-a,
A, = A,c0s6c0sp+ A cosesing + A4.sing (3.22)
4,= A-a,=(4a,+4a,+42a,)-a,=4a,-a,+4a,-a,+4a,-a,
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u,(x,y)=a+ px+y (347
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N (3.15) e ldaunsveedndFuINND I LNIMANAaNNTA (4.5)
1 . A
—(-V*A) =], —O'a—-i-VX H, (4.5)
y7, ot

(% [ [

{ 4 a aa Y] ALl
INAUNSTN (4.5) lennsandynuny 2 Ua fnz”lﬁ’fmmﬁmgwu‘ﬁﬂaaauﬂumqmﬁumi

#i (4.6)

1 [1 aAj 1 (1 aAJ (aAj . (8Hcy oH j
— ||+ —= |- = |=—, + — X 4.6)
Oox\ p ox ) oy\ uoy ot ox oy

v g}/ o a 4 ] < Jd a s A a
ANUHULUUIIANNWAUAATATTUINLNULYaNUDI BLDCM 1ua1iﬂﬂ’ﬁﬂ Lﬁﬁ]Wi]'lim'l

4 aa a v : @ o
OIADT 1U 2 UAMINTZUILNNA Xy “T);\‘ILL‘IJ'D'W‘L!GHNL'JQW $Qﬁ1w15ﬂﬂ1uﬁﬂ!viﬁ}%1ﬂﬁ3~lﬂ1§
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=

£ aq ¥ g o L A 9 o Ao s
N (4.6) Gﬁﬂlﬂuﬂ'ﬁﬁﬂwﬁiﬁﬁu'ﬂﬂlulﬁaﬂ'J’N@'I'JﬁHJWuﬂﬁu']ﬂﬂclu5$u']UWﬂﬂ Xy YoNNOIND37
Y v
ANUUNITNINTUUNDUUDY A LAY b i]3TJ5Tﬂglﬂ‘w"lgﬁ:]uﬂigﬂ@ﬂ"llﬂﬂllﬂU Z MUY Iﬂﬂ
' o 1 v v o @ - Y ca a Ay
ﬁuﬂ1§ﬂ$ﬂ§1ﬂ§]f’]ﬁqﬂugﬂﬁuﬂTﬁ@HWU‘ﬁﬂﬂﬂﬂuﬂUﬁ@Q amIy J, Ui ﬂﬂﬂﬂizllﬁ@i«lWWﬂﬂﬂu

Tnuvewmedtiues suiluliihnszuaass 3 wa aelanaruudrluuni 3

° a daa d
4.3 ﬂ"liﬂ1‘L!'Jﬂ!ﬁﬂ13l!!3hﬁ5ﬂiﬂﬂ?§ulwuluﬂﬂﬂ!3»1141’]

4

4 a [] 4 o 1 <
?T‘]Jl,ﬁi’)ﬂﬁ]"lﬂﬁllﬂﬁLGINi’)'Lﬁl‘W'Ll‘ﬁEJE’JEJLﬁ’EJbl%ﬂuﬂ”l'iﬂ"luilimfi"lﬁu1mmmaﬂsllﬂﬂ BLDCM

Jd a J o [
Tuaisadan aaaadluaunisn (4.6) viiHamaguuuasald

9
810 AIUUNIITNIAWAIRAY
a Jaa J. ) { & g’l
Tasdszumar03s Il lundamunisegmihunldlunisil delsenon ludretunouns
Y
AUUUIUAN ) A9T
1 aa J A A=
4.3.1 MINVDANUNVRINUNANEN
Z 2 v XAy o ¢ d aa e
PUADULITNILITUIINMIUUINUNHIIAnVeINoIaDToo M uBaINUN
{ J a o LA o v
saideuauyade TasauuadnyuzmMInszevoInaans lastseuna o dumiala
aa J a Y Jd a IR A 3 o Y = Yy 9
vudamumitunuuFady BLDCM luaisaaangeivinadnasldnannsieszioea 1iuarlu
~ = Y a = g‘; A 9 A 1 Aaa I'd [
uni 3 3 ldnguenuuaasdnasuneamuEnlaluzili 4.1 msutwawuiuazyanevoa
4 9 4 o 1 aa J 1w
woIes 1a 19 115unsud1395U%0 Gmesh TaolisuugaaonazdamunnIng 1657 9@ uag
aa 4 o o ~ = (% 1 1 aa o 1 ti’ A Y o
3050 BANUNAINAIAY A9317 4.2 Fuiludreganisuleamuitazyado UNHUNANIIAA
4 I o 1 ) 1w 1 o 2
YDINDIANDT IAINBIADINTIUIUIBIVDIAANDT NIV UAININD 12 589 HAZUTIUIUTIVD
g "o ¥ oy = v A0 = < y
HUMANDISIING 8 97 adlanansisazdoaudl luuni 3 daugda 4.3 Wumsvenelimu
1 aa 4 1 j A Y v A 4
MDAV UNIALYAADVUNUNUTAAANSN (1/4 VO DIND 3

Jd a

a v dy ] dy A Y o 4 I an
GluQTU'Jﬁ]EJHﬂTiLL‘UQ‘W‘LWIﬁuT@ﬂ"U@QﬂJ’(’)m@i@’ﬂﬂL‘]JLlf’JfILlILWI YTNWITTULYN
A Ao < ! Y 1 A 4 2?1 A A P ! A A
wunnueaniu 3d7U llﬂl,!ﬂ AIUVDINUNTIALAD T muﬁumwuﬂimai HAZHIUVDINUN
1 ' 4 4 1 i‘ ~ 4 1 aa Jd o
‘]5'0\1@1ﬂ'lﬁ5314?]']\1?1’!;@]&@'05“?1315!,@@5 TﬂEJE‘T"J‘L!GU’O\?‘WH'VIﬁmm@5ﬂ15llﬂ\1®alﬂuﬂﬂ$ﬂ§$‘]ﬂ1

9 v
~ [ T A

= A J 4 =< 1 dy A 4 1 aa 14
INBIATIULAYT LUDINNTIUVDIF AN IYNIABYNUN ‘IUﬁ’JHGUE]QWH%I?M@?ﬂWiLL‘UQ@@LNH%

o a ~ g‘.: = [ % 1 d‘ a 2K o 1 Ao 1 dy ~ Y Y
AUNUNTNEIATUAGUFUNY UALDNDITUIDIAMHUINNAVDIFAADVUNUNAT 92AD
o R =2 7 = Y ' A A 1 !
mtanayuveslamesinyunlasuudadlidre Tudruvesiungosomazogszningls

I'4 P 1 aa o a dy ~ = Y F)
MBS UAZAIANDT FINTUUIDANUN LU natazinmsnasuudad i dasandosainms

v
=\ v a

¢ o o a o 1 Aav v = ¥ { I
?Tigu“ll@\ﬂiilﬁf)ﬁ muumﬁwmﬁmmummwmmmimﬁ’é)mnmﬁuﬁu YTADINVITUIDY I

@ @ I a
53Nﬂi%jﬁllagiﬂﬂﬂﬂﬂlﬂquﬁH
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3

1

=i J J a J [l A A
719 4.1 vewes luaiaaanuazvina luniieiaames

=
N

1 aa 4 [ 4 { Y o 14
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=1 Y o I'4

{ < 1 aa fl ¥
g1 4.3 msveneliiiumsuidamuitazgaaeuuiiuiivida 1/4 vowwenes
J v a d
4.3.2 WanFumsiszanameluddmum
2 g~ A Jd aa 14 A
Tuaouiiums@engluyuvesilansumsisznumelusawun lasiie

a o aa I Aa
AUNARNHULMINTZNVOINARAs VLB UT T Uy T udy v 1a
A%, Y)=AN;+ AN, +AN, 4.7)

{ .. ey aa o .. v &
Taeg N, n=i, j,k AeWsndunmslszmnaneluddmuniuaz A , n=i, j,k AoWaaNTUDI

v da 4 ] <3 1 U I Aaa P
ﬁﬂﬂl%ﬁl?ﬂlﬁ@illﬂlﬁﬁﬂiu&ma%ﬂﬂ@@ (1, J, k) vosonuuUnN w9

N = P tbxcy ws)
2A

e

=X = XY, b=y, =V, C =X —X,
a;=X%Yi = XY, bj=Y, =V, C;=%X =X (4.9)
a =Xy; —X;Yi, bk:yi_yj’ C, =X, =X

A dy ~ 1 aa = 9 = A 14 [ a J v dy
Hag A, AOWUNVDUNATDAUNUN G]N1/?1‘1@]i]1ﬂﬂm’ﬂimmuﬁ‘ﬂ@ﬁﬁmﬂ§$ﬁ‘ﬂﬁ N
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1 1 Xi yl
Ae=§1 X; Y, (4.10)
LoX Yy

Y aa q
4.3.3 MIAINAUNTUDIDALNUN

g’/ dy 3 9 an 9 Y 9 [ a v Jo
ﬂlu@l@uulﬂuﬂTiﬁiNﬁNfﬂﬁ‘ll@Qﬂamuﬂﬁlﬁﬁ@ﬂﬂa@\‘]ﬂ‘ﬂﬁﬂﬂ"ﬁLG]N’E]HWH‘E@N

'
A o

A ) a1 g g o A an Jaa J
Llﬁﬂ\?ﬁhx!ﬁllﬂ"ﬁﬂ (4.6) FIVUAo U UTUAOUNE ﬂJuVIEZfﬂle@\‘]'JﬁulV\lulUVI@auJUVIETJLL‘UU
1 4

< aa d o [ A = Yo A
VI’J"l‘]JGUE’N?ﬁJﬂ135]]?]\1f’Jfl!ll‘LlVIfﬁWﬁ‘U‘ﬂﬂ]uW"IT]?JﬂTi!‘]JﬁEJ‘L!LL‘LIﬁQ@]"I?JLTJﬂT f‘ﬁlﬂiﬂllﬁﬂﬂulﬂﬂﬂ

(Huebner, Dewhirst, Smith, and Byrom, 2001)

M{A"} + K{A}={F} (4.11)

v

4 a J ] < : < @ 1 A ] .
Tae {A} AonNMeTvoIANdIFINNaBsMManduilual lunsiuamngane uaz {A'} Ao

o =< 4

s v o o Ja s 1 g = 2 a
FINADITUBIDYNUTDUAU W UIVDIANYLTIINIADILUNLYAN AUNITN 4.11) Hasolseang

%9

Ja 1

dy Y Aa o J 3 @ Y
JuldTagasanindunisiFaounusiaeni151lszgnai5n 150290 M NIAYANAIY
% @ I A { A . o [ J
(method of weighted residuals) B9gnda ldiduasntoungalunmsdszgna lgnudyniaig o
@ a yw ) 1 1 Ja . :
Tuilaqiiu wagdstidaamnsoswunuendesoon 1 1ad nian A5veenuassau (Galerkin) &9

a s a lg Qddy a 9 = = U Y a 4 [}
WNINFMAATUIINITU U nAUAIvz NN uauNIAT vene linalse Tesuegreuinlunsg

Usyang Isunsuneuiiuges e l¥nuilymvinalg)

g

A < a 2k g a 1y A A
NNFUNTN (4.4) L‘]Jllﬁllﬂﬁl‘]f\‘ll?lﬂmaﬁ %QLﬂuﬁNﬂﬁLﬂﬂ’JﬂUﬁNﬂﬁﬂ 4.6)n

v v A

< A 9 = ] Y " w s
Lﬂuﬁuﬂ?iﬂHWUﬁﬂﬂﬂ@uﬂUﬁ@Q Lﬂﬂﬂﬂgﬂﬁllﬂ"lﬁ‘ﬂ 4.4) GLﬁﬁllﬂ']Sﬂ"lusU'J"lwnﬂ‘UﬁUﬂ LLagIn

D.

A

1 ] <] ' <3 . .
H, =vu,M Tasn M Ao ﬂmiaﬁq@mmmaﬂmmuumaﬂani (magnetization of

] I [
permanent magnet) 182 y=— A® AATWATUNIULAUIKAN (magnetic reluctivity) 32 1A

1
U
aumsi 4.12)

VXV(VXA)—j0+O'aatA—VX(V/JOM)=O (4.12)
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aa J 1 ¥ o @ @ -
fﬂﬁﬁ%}NﬁlJfﬂi‘lJ’fN’t']m‘JJu“ﬂﬁﬁﬂﬂﬁﬂ’NuWWuﬂLﬁH@ﬂﬁNﬁﬁﬁﬂﬂﬁﬂﬁﬁﬁﬂ

]
=1

1 Y % 4 1 a1 [ -%
minunuramas lasdssumaslugunisn 4.12) ﬁ]%lliJ"lﬂﬂM‘imﬂ”]Jﬂuﬂ UAATUAUNINY R

AIAAIAIGTUNITN (4.13)
) OA
va(VxA)—jo+0§—Vx(V,qu)=R (4.13)

v [ I L= { a 2
4 R (Fen7UANANAI (residual) (T uaidanatafmasuanmsldnamas Taslszuim

v
o

é 1 ] ] 9 d' a da! a0 d' tﬂ'

°1Nth&l“D'Nﬁ!ﬁafJLLiJuﬂiﬁ‘U@ﬂﬂfgﬁﬂﬁHﬂﬂﬂN R NNAYUAITUATIAING A INOWNALIRAY
A a dy A A A Ao t:de 1 %} o k)

Iﬂﬂ‘ﬂﬁ31]111!7]!,?1@51]14%33Jﬂ1£‘1/]8ﬁ$l§\“liﬂﬂ‘1/li:fﬂ naz luauItel 35 I0INUIHINIAEANAY

181495 voanansau (Preston, Reece, and Sangha, 1988) ita¢ (Kim, Kwon, and Park, 1999)

v
A

. A o J v 90’ Cd . . .
FAsUawsanszi 1d lagmsgauauanag R aaeilanduiinmin (weighting function: W)

Yy a a

o aa J o A Y 1w S o A
um@umﬂima@ﬂmTﬂmummaamu‘n Q) uazmwu@wam”lmmmﬂugmﬂ HUND
[w,Rd2=0, n=123 (4.14)
Q

[ A 19 1 A .3’,

o v Aaa 4 { v .
ﬂ"ﬁ"i5Uﬂaluu‘ngﬂﬁ’]u!ﬁaﬂuﬁ’]uﬁ]ﬂﬂ@ AN LUIATY 3 ﬁ]ﬂ%qqﬁ}llﬂﬁ] ADNI

q a QU Q Q

= 19 0 v =

[ g’/ =K 9 Y A 9 =
a1 AUUIIADINIT 3 ﬁi\lﬂﬁiuﬂﬁuﬂﬁ"ﬁ!mﬂ 13 Uuvmenaluaumsi (4.14) AN

U

=) 1 .

.. a . Ia .
n=i, j,k uazTasdn@s1vz@an W, = N, #9i50n708% Tul-n1ae5Au (Bubnov-Galerkin)

b4 '
v

Wdieunu R aeaumsn @.13) adluaumsi 4.14) 3918

Hﬂ Nn(va(Vx A -, +O'%—VX(V,L{OM )jdxdyz 0

”QVX(v(vX A) = v, M )Nndxdy+jj9 Nna‘gt—Adxdy: ij N j,dxdy (4.15)

a a a ~ 4 =i o o J 2 g 4 4
NATUINTOUALNTANASWIUUDIFTUNITN (4.15) ﬁmiuwa}umﬂcml,ﬂuwwmgwuﬁ Hay

Y a a =~ J . 9 [ o 4 dy
709197 5MIDUANIANALAIU (integrate by parts) 1A 1HONANHAUVOUINADIAIN

(VxF)G=V(FxG)+F(VxG)
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F=v(VxA)-vuyM
v ¥ A A a 4 [ [ 4 Jd Y Y Y o dy
ANUUINTUNITN (4.15) LM@W%W?W’IWﬂulliﬂﬂﬂl@ﬂﬂﬂymﬂl@\‘]l'}ﬂl@lﬂiﬂl'lﬁﬁu%$hlﬂ JU

[, V(¥ x A) =yt MN ey =[[ (47 x A=vz,M XV x N, Jdxely
+ [[ VOV x A=vusM ) N, dxdy (4.16)

NNAVMINWAMVIINOUFATIBVeIdNnITh (4.16) aunsadenlugimsduansagadu

3]
[V x A= vaz,M) x Ny = {0V x A=, M)x N ndc @.17)
Q

[

IendnyeiInnes Al
FxG=-GxF
waz  (FxG)T =F(GxT)

dielfienanbaiveannmestedusananluaumsi @.17) 11
lov x A=y M)x N}-nde = §N{(VﬂOM — W x A)x n}dc
C Cc

~< Aa a (= S~ d o A
FIDINMTOUANTANUNTA Y UAUES AITUNITN (4.18)

U
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iN{(WOM —W x A)x ﬁ}dc ) (4.18)

Y v

NANMIN (4.15), (4.16), (4.17) uag (4.18) 3z lanail

jjﬂ(vv x A= v, M)(V x Nn)dxdy+”Q Nna%Adxdy = ”Q N j,dxdy

”Q(vi AXVxN, )dxdy—”Q(Vx N, )(vp,M )dxdy

+HQ Nnc%dxdy = ”Q N, j,dxdy (4.19)

VINANMIN (3.10) Svasan luszuiu 2 06 @y X waz y) azla

cone(2)-(2)

oy OX

uagy  VxN, = N, i—(aN"jj
oy OX

(Vx AV xN, )= (Z—i‘j( ag)'(“ ) + (%J( ag/“ j (4.20)

9
wazn M =M,i+M, j aau

oN oN
M(VxN)=M Li-M n 4.21
SEMRMLACN o

UNUFUNIITN (4.20) tag (4.21) aaluaunmsn (4.19) 9218



”Qv(% N, +%§ N, ]dxdy —I.[QV/IO(M X%— M, N, ]dxdy

OX OX

oy oy OX

+ ”Q Nna%dxdy :”Q N, j,dxdy

OA OAON, OAON,
HQ Nnoadxdy + Hﬂv(&EJFE Y ]dxdy

OX

:”QVHO(MX N, M, N, jdxdy

o
- ”Q N, j,dxdy

NnaumMsn 4.22) Ansanlugdaumsmn ) ldadeaunsi 4.23)

M AA S, + K] 1A, = {F

Tag  [M],, Ao wwingmsvima il
A a J e v o3
[K],., A9 WNn3nsANues Ty lavoiman

A 4 A a 49!
{F},, fo TriaannaesnIzuadNNaAULID

A a A = 4 a Y o dy
IﬂﬂmﬂuﬂﬂWiﬂimWﬁﬁJﬂﬁV] (4:22) mazw%u%mmsawmmﬂﬂmu
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(4.22)

(4.23)

1) wmsngmssimatilila (M, e insanwainsnuesaunsi (4.22) 9

. OA
(M ]3><3{A }3><1 = JL Nno_EdXdy

1N A, Y) = (N}, (AL, day

oA

E = {N }1><3 {A.}3xl

unuauMIn 4.25) asluaumsn 4.24) 2216

(4.24)

(4.25)
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[MLo (A} = [[ N} o (N, dxdy(AT),

Y
Y

Tl M1, = [[ (N}, o (N}, dxdy
(M1, =0 f[ (N}, (N}, dxdy Taohl n.m=i. j.k (4.26)
mﬂqm%uamimauﬁyuﬁ

1 31 !
] NENINZaxdy = — 2P ) (4.27)
(a+p+y+2)!

'
[ =

A A a a a dy A 1 2 ~
NNTAUNITN (4.26) LUOWTUININFATOUANTATOUNWUNAITUNITN (4.27) azu1iald 2 psdl

Y 1 aa (] i 9 o.ldy
laun nsgi 1: n=msu n=m=i 1214 ¢ =2 18z f=y =0 Al

J‘[dexdy:—%zA :EAJ
! 2+0+042)! —* 12

[

1 9 Y
NTAN2: N#mM IFU n=i, M= AU ¢ =B =1 Uaz% =0 A4l

nmo
R Ly
(1+1+0+2)! 12

b4
v @

AUNNTUNITN (4.26) 92 181

2 1 1
[M]M:%l 2 1 (4.28)
112

A o = Y = A A A
2) Llﬂ’lﬁﬂ“]fﬂ?ﬂJG]ﬂ‘]JchllﬂélJ@\‘]!mLﬂﬁﬂ [K]3X3 NWATTUINIUNADIUDITUNITN

4.22) 3'ld
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A GN A ON
[KLa{A} = J.L (g o % ayn dedy (4.29)

VN A Y)= (N}, AL, iy

OA [ON OA |ON
&_{g}m{ }3><l tae E‘{E}M{A}M

AANNITN (4.29)

[K]3X3 {A}3X1 N VJ:L ({z’:(l}kl {%}b@ \ {aal;l}} 1{2?}1 3 jdXdy{A}3X1

- {5 BRI

J o Aaa 4
NANanFuMsUszuamelusamun

N +b,x+cy

[+%) N . $
gain S = S0 e ”zch" F991auMIN (4.30) 92 18

€ e

b c
Kl = m_ 4 0 dxd
[Kleo = ”ﬂ(2A 27, 2A, ZAJ d

Taoh n,m=i, j,k
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bb +cc, bb;+cc; bb, +cc,
[Klo=—|bb+cc b +ec; bb, -+, (4.31)
“|bb+cc bb,+cc; bhb +cc,

4 A a 49@1 a 4 9
3) Tnaannmesnssuainanduied: {F},, NI15INIUNIAIUYIIVDY

aumsn 4.22) 3214

ON oN .
{F}i = ”Q V,UO(M . Wﬂ -M, 6xn dedy + ”Q N, j,dxdy (4.32)

Aa P Aa a a ~ o 2 o A &
WIITUINIUN 1: ‘Wfl]’]im']ﬂ1§ﬂumlﬂi@]V]a$Wi]uI@ﬂlﬁilflnﬂwﬁ]ulljﬂﬂl@\jﬁﬂﬂ'ﬁ‘ﬂ (4.32) 9210

Wansumsdszunameludamus

N =& +b,x+c,y

¢ oN G ! o s
AU axn: ey =0 =—n Tag n=i,j,k

€ €

= s A v
FINOWIULTNUDITUNIIN (4.32) %gulﬂ

jIQVﬂO(MX%— M, ag)l(” jdxdy = IIQVﬂO(MX 2CA" -M, 2bA” dedy

- %(M oMb, )[[ dxcy

e

=;’ﬂ(M L —M b )-A,

:% M,|c, |-M.|b, (4.33)
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a I s A [ A = & a a
NAITUIWIUN 2: WAUN 2 VDIAUNTN (4.32) Usznounuaumsn 4.27) “ﬁﬂ!ﬂuq@]iﬂumﬂiﬁ

A A A Y A a ' . Y v & v
sounui Taginsanlaifisansai@er u n=i 3218 o =1 uaz g =y =0 auiuazld

, 11010! : JoAAe
N, jdxdy =——————2jA, =
” Lo (1+0+0+2)! JoBe =73

v & 24 A v
ANUUNIUN 2 YDITUNITN (4.32) wla

1
1 (4.34)
1

JoA
3

[N jodxdy =

NNAUMIN (4.32) (4.33) LAz (4.34) 2 e

Ci bi A 1
V,
(Flg =720 M, ¢, = My by | 22 (435)
Cy i 1

v o [ 1 - J a LA 1
FINMIMUIVAIANWAUNIILY0INTZIANBUDN |, U84 BLDCM Tuariaaen Iuuaazva
A wazdeaas 9 Tilsinglimaeldil

4.3.4 maudtymmalaaouziing

Ay A & o ' 1 o da S ]
Tymluawdseiidulymluaoiugding TaemandiBainaesutmanag

e

v H Y
wasuuladlawnar aaunnwes {Fl,, wimsnasuuasldawnaidesudu il

4 "] I % o 1o
iesnnuvasneiluTihnszuanse 3 e asmsudtdym luaouzdinginldlagmaud

a,

o

aunsh (4.23) ndedu Tasdeeldsmsudtlymimeldaoiuzdingn1d3sanuduiug
d o a . A q g v o oA Y
NYUUNA (recurrence relations) Lwaiw”lﬂmwaawwgﬂﬁm
Y ¥ < ' Yam ¥ @ A v a =

msuntlyrineldanugringazliisanuduiusnouiuie lagezl
v [ (9} (Y 1 1 v { 1
dnvazvenaantyuegnuar B Midenld dwaasluaunish 4.36) Tag At Aon1ves
] I A J I a
%9138 (time step) Tasaudonly B =0 swxuitvesesuans (Euler) a1 S =1/2 11u33

J a o 3 a Ja
YoIuATIN-H TR (Crank-Nicolson) 81 B =2/3 11u3Tvesnuassau (Galerkin) tagi
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£

1A 1 4 [ Aav a a 4
L=19258n31135nan 198 V110980 UNEY (backward difference) 119113 T8I NN UT

E4
ad A

= Yas 1 A A 9 v @ A A [ 1" 9 v
Lai’)ﬂ{l“]ﬂ‘ﬁNa@]Nﬁ‘ULui’NEJE’)uﬂaﬂﬂﬁﬁilﬂTi‘VI 4.37) LummmﬁuﬂszﬂumigmwmNaaW‘ﬁ

v = a 1 1 A
tazHaansIsuMlasunlasedienoiiios

{ A}t+At _ { A}t
At

PN +(1- B AT} = (4.36)

{A'}“A‘ — M (4.37)
At

A Yan A A ) o A =2 o 3 A
ﬁ]"lﬂﬂ"lﬁLa@ﬂhlslf')‘ﬁWa@’]ﬂﬁﬂlu@ﬁﬂﬂuﬁaﬁ aun1sn (4.23) %QW@JU"INH‘]JHﬁ?Jﬂ']ﬁVI (4.38)
kS ' ~ ~ =2 Yy o daa o A
NOUULNUATFTUNITN (4.37) ﬂﬂiuﬁuﬂ?ﬁm (4.38) fl]Qul,@NaﬁWﬁm@ﬁﬁﬂﬂ1§1w1UWﬂa!NuW!N@

Wy luaauedsing asaunish @39)

t+At t+AL t+At

M ]3><3{A.}3><1 + [K]3><3{A}3xl = {F}m (4.38)
1 t+At 1 t t+At
(E[M]k} +[K]3><3\J{A}3xl —E[M]:&x}{A}B}xl +{F}3x] (439)

vnaumsi 4.39) Wouldeglugddomemiduslansaumsi 4.40)
[Als{X}s ={B}sy (4.40)

1

E[M ]3><3 +[K]3x3j

o [Al, =[

t+At

1 !
{ B }3><] ZE[M ]3><3{ A}3x1 +{ F }3><]

t+AL

nag {X}3><1 = {A}3><1
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a d 2
4.3.5 msilszneuaumsdamunawiuszuy
?zl; dy I o [ an A 9 % <
Tuaouitunsiaunsveuaazdamun g laadsznounuduauns
3’/ v 9 d' [ [ [ < aa 4

5919895 0U Tagnnvuaeuluiinven 4.3.1 misdnvazglssveadymieendudamun
VR ] = Y a = Y ' °
g08%31/32N0UAIY N 9ARD 39N IMINATLUUAUMITIINGIUTENOUAITUNTDITIUIU
2’, ay [ ?zl/ = 9 Av A a c’dy A A a 9
NIFU N gums AU IdaunmssmvesnulteIneiinusidonnsandy i udadu

Tuaazding Ao
[A]nxn {X}nxl = {B}nxl (441)

d d'l a' Y d’ v
4.3.6 ﬂszqﬂmaau"lm!'wmmmzm)u"lﬁuéuaunmwmumwamaﬂ
gz 1 1 v Jda 4 ] < A o
YUADUNITUIATNALRAYUDIANANYLFIUINAD I LUK AN LTUIINNITAIHUA
A A Y Y U o ] ~ 4 A a 1
N’e)u”lsuLsmuﬂlmmuamaﬁ“1mma$ﬁauwmmmmgu”lﬂ waz@eu I ua I NUA1e 9
Av A a 0’L=9l}d A 2 Y A a o A
Tﬂmmaﬁmmmuwu‘ﬁumumu"lmwmu“luﬁa‘uu,irmWﬁ]ﬁmwmiwgummuameiﬂa
1 1 4 o { A [ I'4
At=0)=0 arumieu lvvoua vwinualiveulunaadumainazyeuuonyeINBINDS
U A=0 (Brunelli, Casadei, Reggiani and Serra, 1983) 1a (Fu, 1999)
o T d' dlﬁl
4.3.7 mramaniseunaesns
A " v dAa 4 [l 3 A [ [ Y = o 1
WONIUMANYFIINIADILUULHANNIAADA ) LAY T TWITOAMUINUYIA
1 A o v o [ Y 1 < ) Y ad " v A 4
RN nduiusiuas 118 Tasaunuimanainnsamuia lannmsfsamdndsannnes
1 [ o 3’; A a 4 aa A o = Y1
UHINAN (B=VxA)AIHINONIITUINOIADT 1Y 20A A1NSEUIUNNA Xy 3aldan
] < 1 (] 3 [
auusran lunuannu X( B,) HAYAIATINLEIMAN LAY y (By) AULAAIAITAUNT

7 (4.42) uaz (4.43) MUaAL

BX:%:ciA1 +CjAj+CkA< (4.42)
oy 2A,
Byz_%z_(biA, +bjAj+bkAkJ (4.43)
oX 2A,

a o a o I a o o AN Y 1 Yy 9
ﬂ']ﬁl!ﬂaﬂﬁz‘ﬂ‘ﬂwﬂﬂﬁnﬂ‘WﬂﬂﬂWﬂ]l‘]JL‘]J‘LlWﬂﬂTﬁQﬂﬁg‘]Ji’Jﬂ ﬂ\‘i‘i/lllﬂﬂﬁ'nllflua')

{ 4 o J 1 < o . .
Tunnvesnguininerdes e ldmuramarauiuntimian lunuaSadl (radial flux density,
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T <} v W { o 1
Br ) wazaunuvan lunudduie (tangential flux density, B[) NNTLMNUFDI0 1N AV

[ v Y
vomesnssduvesiuaawmes Tuudasanliyn ¢ wasunlasly annsouaasldail

B, =B, cos¢+B,sing (4.44)
B, =-B,sing+B, cos¢ (4.45)

A, ! ) Y = qu ) @ P
LUDATUHIUNIN Br Iag Bt LLa" i]']ﬂu‘L!i]\‘l‘l"]fﬁﬂﬂ'liﬂ'J'liJmu"U'fJ\“ILﬂJﬂ“]ﬂ'Jaﬁ
[ [ I~ 9 d' o w 1 é =1 1 o A
1’T'lﬂ'llli\ﬂlllﬂ’iﬁﬂhlww'l‘lflﬂi&“ﬂWﬂ'U“If'ﬁ)\ii’)'lﬂWﬁ HFIVTUNANDNITIT UL INOUUDI BLDM 1u
4 a 4
13 A A an (Ishibashi, Noda, and Mochizuki, 1998) tt @ ¢ (Sakamoto, Hirata, Kobayashi, and

Kajiwara, 1999) Tagh

1
F=-—(B-8) (4.46)
2p,
1
F.=—(B.B,) (4.47)
Ho
1 2 2
F.=-—(B;-B)) (4.48)
2u,
F, = ! B, -B (4.49)
y __( x y) :
0
dle  F Ao usaimanvihfinszshiugesermaluuuaedl
F Ao usuniman dhfnszvinusesomalununduda
F, #e usaiman ihiinsyyhdusesomelunuannu x
F, Ao ussiman Iihiinsyyhisusesomalunuiuny y
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4.4 a3
dy Y o o a 4 (] <3
TuuniildduaueuvuusiassnieatiamansvoaauINUNIHaNYDI BLDCM
f a & A a o ] 1 ° A P 1
Tuasadan eiasanuemes luaaiugding Fauusiaenadiamanszlsingegly
o EdRl [ [ Ias Jan s A o 1
slvesaumoyWutdosduAand M131lszygndls W luidamuiimesiuiunia
] <3 9Jq Yas J ¥ @ Y Ia = 1 dy
avuiman lal§35msnruhminayananueniasiay Seazideanis q luuniieg
o 1 a o Jaa s A 3 ° {
i ldgnisiszang ldsunsu Il luisawuiiie ldiulUsunsusrassnaszuniaz 14

aanasluuni 6 ae
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o < 4 o 1 aa g 1w aa J
Tdsunsud 1595150 Gmesh TaslisiuiugansuazdamunnInY 2297 90 1az 4322 Baun

o [ 9 d’
ANANY ﬂ\‘]uﬁﬂ\iﬂiﬂg'ﬂ“ﬂ 5.2

59U 151003 (Yoke)

g
Luian

29.76 32.305 33.835
16.455 30.29 33.305 35.85

4

UNUTIANDT

A o J a J [l A A
q?‘]J‘i/l 5.1 UoIAS Iasaaantazvua lurllelaawag

:
T

¥

AV

o

ALY
T

o

)
P

g
] "‘Mqi
Tabiy,..
i
T
v

W

|

:.'

i
A
3

L
I et
ra

ATt

71 5.2 msmisdamuiiazyaneveunes
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d aa 4
5.2.2 ﬁan%umﬁﬂizmmma‘luuazaunﬁmmaamuﬂ
9 A ~ aa s A a < Il
AITAIWNAUNITINITIAADUNUDIDALNUN ma‘wmimmiﬁummmmaﬂu
Jd o o 4 { aa 14 @ { X g
Wansuv0INsnTda aumsmsnasunvedamuasauaad ldasannmsi (s.1) yuily

daa d o [ 1 aa P (Y
E‘Tllﬂﬁul‘V\l]luTI@miJUVIﬁTﬂiiJ!mﬁ%E]ﬁLiJLWWI?J 6 duMsUsenousINAU

2

M ]6><6 2} +[Dles — { }M +[K]6><6{ }le:{F}le (5.1

ot
2 J
1o [M],, A9 WNINGUIA (mass matrix)
a2 4 ]
[Dls.s AD WNINFANUNU (dampling matrix)
= a J <3 . .
[Klge O ININEANNUYIVOIAT (stiffness matrix)

= 4 A s °
{F }le o L’Jﬂm@iﬂlf’)\illﬁ\iﬁi@IMNﬂ@W]NTﬂi%“lm

Y] v W

' 2
X}, A0 NNADSNINTY siaftaldmeysiutsuduwils % TLELEN %XZ}M
t

= ~ o w [] J a [} < 9 ~ 1 ~
FUTINNTLMNUFDI0IMAV MBI TNA NI Aan lWesanansluuaasBvesma
PPN [ ] = 1 <3 Y o 4 I v J o v A Y A A
wosNAANUFDI0 1IN Fausaaivan lihaanardluwadnsanmsdinaainldosuies
H 1 4 (% { { I % 1
Tuuni 4 drunnmeiminszaanuaad luaunsn (5.2) HumMsuaniszeznizInuuAne
a < a [ X Aa 4 o
NUE@Y 1, 2 1ag 3 IUNAN N ITNIRNIADNHID AU 1ag U 1ag V unussesnizin
v [l Y
Tunwaunu X wag y muaau awaadlugln 5.3 samsuaasszuvnnaluanyuzivuil

125801132 UUNAA9n T4 (global coordinate)

dy=]" (52)
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A ana 4 A A a a o 9
E‘IJVI 5.3 9ALUUNTIUVAINIUDNAITUITEUIUNNAINNIN
a @ ' aa A @ ' aa 14
MINVITUINITNTLIAVDIAALDANUNNUANHUZNITINA IULABLDANUN
A 1 [ 9 a (% an 79 Y ] = (% ) 1 =
NUANANNU ISADINITTUINITITNAIUDINING aamum“lw’ogﬁlugﬂuuumaaﬂmﬁﬂﬂ@u BN
oA A o 3 A o A2 .
Auiums 18 laguilasszununnalan it sz uinammzay (local coordinate) (Rao,
[ 9 A 2L o a Y- o 9}::' ' aa -4
1999) muﬁmmﬂgﬂw 5.4 "If\‘lﬂnuuﬂ"li]lﬂiﬂﬂ ﬂTﬁUQiﬁ%i}‘ﬂ@]ﬂﬂﬁﬂﬂmﬂl 1 U®3INN BALUUN

v
"=

a o A ~ o~ o a { ~ aa 4 a o
UNnamwIdY (X,y,) egnganuiia (0,0) IagNuan X Y9309 dANUNUUISUIUNNA
' ' Y
MWIZDUILINAINWFIUUBIAWINATLTEHTNIAADULBIAY 1 LaZ 2 Hazinl § 92AInIN
@ ~ o g‘.: 1 aa R A Aav A ~ o~ I ~
NUUNU X AUUIAADVNNYLAY 2 VBINN) DAUNUNWUNNARNIEDU (X,, Y,) 199 (X,,0) tae
(%, ¥,) Avgaaerueay 3 vosinammizau Taol 0 1oz V N9aaonuaua1eg inussoy
[ ~ ~ o o 4 aa o Aa o A 4
A5LIAlULUALAY X 1ag § ANa1aY Wea s NaumIoamun WSS UIUNN AR MIZDUIND
a Jd o Aaa S Y g’a = ] I aa L
wsanlansumslszuaneludawunudd mniusalandv lduaumsdamun lu

sTUILNNA1NT (X, y) Audn
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{ aa J { § a a v a
JUN 5.4 BaUNAIHABMILE NI LTLNUNAAR DY
a Jd o aa Jd o a [
mMsnsafandunmsdsznanisludawun fasiinsandnyaznis
an -~ a 9) 1 = v A [ 9 ~ =<
N3LBYBINARAGVUD AN UM VIVUFUFUIFUREINUMASNA1INILE TUUNT 4 &9
[ aa T B a o A
ANBALNITNIZNIBVBINAIDATUUDALUNLBNDITVUITLNUNRAAMWIZDY dusouaad i

AaaNNISN (5.3) uaz (5.4)
u(X,¥)=0,N, +T,N, +0,N, (5.3)
v(X,¥)=V,N, +V,N, +V,N, (5.4)

~ d v aa J ~ ~ 4
Tas@ N, , N=1,2,3 AeWensumsiszunaneluddwun waz G ., 7, tle N=1,2,3 fie

v J 1% ~ ~ 1 1 aa 14 o w :
NAANTVBINTNTZIA IULUINY X Lag y Glmmamqﬂm (1, 2, 3) VRNBDALNUNANAAL “?\‘]

anan+ﬂnx+7/ny (5‘5)
2A

e
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Taeh

a1:i2 3_233/2 > ﬂ1=yz_y3 > 71:23_22
azzisyl_i&?, > ﬂ2:V3_Vl > 72:%_%3 (5.6)
as=~1)72—§2)71 > ﬂszyl_yz > 73222_21

[

A z ~ 1 aa S R o Y dy
Hag A, ADBWUNUDILAATDALNUN mmu’;m"lﬂ JUY

P
1 -~  ~ 1~ ~ <\ ~/~  ~ ~ o~
Aezzl X Y, :E[Xz(Y3_y1)+X1(yz_Y3>+X3(Y1_y2)] (5.7
1 X VY,

Jaa o ~ o Aaa I3 a 4
mﬂﬁumi”lwkhmaamumﬂlu’dumﬁw (5.1) UTOATUIUDAUNUNUNT N
3 a Aaa 4 a 4 Yo = a 1 dy = Aa v
ﬂ’JT?JLHNﬂJ’E)Q?f‘]JiQLLagﬂﬁLiJLl‘VILNVIﬁﬂ“lfll’)abl,ﬂﬂﬁ‘ﬂﬁ]%ﬂ‘ﬁ‘]J”lfJ@’f)ﬁ]"lﬂull‘]_l "]Nll!\ﬂu'ﬁ]fl
a a o’dy 1a =KX aa 4 a 4 ' A =) 1 < =)
'JVI?JTUWU‘HU%%%J‘Wi]"liilﬂﬂ\?’E’]amu‘ﬂLiJ‘I/Iiﬂ‘ﬂfﬂ’J"lllTiH’NLl!f’NﬁﬂﬂllWa@]@ﬂTiﬁuﬁ%L‘ﬂ@um@Q

g [l
UIADS ALY 0 ‘]J‘J$ﬂ@UﬂUﬂ1§ﬂ1u’Jmﬁﬂ’J1NQQmﬂ (Henneberger, Sattler, Hadrys, and

Shen, 1992)

a 4 <1
WNTNFANUUTIYINAT I [K ],
o a =Y % an o a o A 4
ﬂ'l!,uuﬂ'liiﬂfJ‘W"1]"IiiLl1ﬂ"|§310@3%@@@ﬁlﬂuﬂ1u58u1ﬂ‘wﬂﬂLﬂW1$ﬂulﬁ91ﬁ)
aa I @ ' = @ ' = a 4 <3 = A
nnq aamumlmi’JNmagiugﬂuuummﬂuﬂau G]N!Nﬂiﬂ%ﬂ?'lﬂlﬁl\“lﬂlﬂ\iﬁﬂi\ilﬂw18’[,]1!
~ a a 4 < =y 4
ﬂocalsﬁﬂhessnunﬁx,[K])Lﬂﬂ%WﬂwaiammaamyW5ﬂmﬂawmumqmaqﬁlhﬁgﬁaaﬂwﬂﬂa1ug§u1u
—~ a 4 < =) A 9 =
UUININ (normal stress, [K ]) HAZUNINFANNUIV0IaUT91H0991nANWAUD DY (shear

stress, [K,]) danaaaldluaunmsfi (5.8) (5.9) 1z (5.10) My

[K]=[K,]+[K,] (5.8)



[KS]=8A8(1+V)

ﬁ? VB BB VB, BB
7f VB nr. VBn
ﬁg VByva Bols
7 VB,
sym s
7f B nr. Bn nrs Bn
/%? Br. BB Brs BB
7/22 Bovs 7275 Bs7s
IBZZ Bovs Pabs
sym v Bats
s ]

VB, 7
e
VB, 7
V2V3
VB 7
73
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(5.9)

(5.10)

é = J (% [ ! . . o w di
W3 E uag VAo Auagad (modulus) HAZOAT1AIUVD] I (Poisson’s ratio) AINAIAL 131D

o P < A Yy v S o g a < 2
AN ngaNuudvodalsuamzaunlandr nniuudasndudluans ndaund o

al5anutasaldluaumsi (5.11)

[K1=[RT"[KI[R]

Taeh

[cos(X,x) cos(X,y) 0

cos(y,x) cos(y,y) 0
(R~ 8 8 cos(%,x) cos
cos(y,x) cos

0 0 0

0 0 0

o O o o

o O
o o
v w
AN N
<i >

xX X

o O O o

~—~—

=
(@}
o
wn

N—
(@]
(@)
[ %3]
AN N
<t X1
< <
~—

(5.11)

(5.12)

nnaunsh 6.12) auFaluwning [R] szdlsznoulddreWansulalaniszyianig

Y g A o [ Ao 2 J Ao
(directional cosine) FuumnlFdmsuare Touninszuuiinammzaugszuuinaanig

v Y v o ~ = A
ANLEANAIIANUTUNUTETUNITN (5.13) D3 AUNITN (5.16)
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cos(X,x)= X=X (5.13)
V06 =%)% + (¥, — Y,)?

Yo=Y
cosX,y)= (5.14)
V06 =)+ (Y, - 12)°

vi Yo=Y
cos(y,x)=— (5.15)
( ) \/(Xz _X1)2 +(y2 - y1)2

X, =%
cod¥,y)= 2 (5.16)
VO = %) + (Y, = Y,)?

a 7
WNTNFIA: [M],,
o a a % aa L a o A 1
mmumﬂ%wa15m1mi’Jnmmmaamumiuizumwﬂﬂmwmuﬂau

Ui aauaadld luaumsn (5.17)

M1=L"e
[M] B

(5.17)

O P Ok, ODN
O Fk O N O
o O O -
P O O » O
N ©O - O = O

o NO B O -

= A Il . 1 aa o 4 [ 2 4
I o ABAINNUHUILUUNIA (mass density) lunaazoawun nntuulasndauduunsnedg

a1 luaunsn (5.18)
[M]=[RI'[M1[R] (5.18)
o A ~ [ an 7 A 9 [ I ) [
Mmyaumsmaadsunuesuaazdamunn laulsenounuduaunissiudmiuns

A ~ [ 1 I aa Al =< 9
naeuNvesz U TnaminswiNanyazglitvesyesniludamuidessallsznouae

1 1 Y a o (% 4 { . 9 1
n YA %\1ﬂE]b]fViLﬂﬂiZ‘UU’diJﬂ'liiﬂhﬁ?ﬁiﬂﬂWiLﬂﬁﬂuﬁﬂlﬁNigﬂﬂ %Qﬂigﬂﬁlﬂﬂﬂﬁlﬁhﬂ1iﬂ@ﬂ
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) g’/ QSI [ 9 d‘ g’/ g tﬁ' a [
UIUMIAU 2N AUNTT AALTAIAIYTAUNITN (5.19) MIUUDINNNITNIITUINITNTSIAVL

9
WITUINILUUINU X LASHIU Yy JIUNU

0’ 0
[M ]2nx2n % + [D]anzn % + [K]anzn {X}anl = {F }anl (5- 19)

o v Q’J I
5.3 MIWINANALIHI UM ITHALINOY
TumsinsizWaougdang luvazivomosvyu'll dsaunsmsndounina t

o 9 Nuaasdeaunsi (5.20)

82{X}t M t_ t
—e Pl +[K1{x}' = {F} (5.20)

[M]
2 o A { o <3 1 a 4
Faaaen t vanedsmniimsasuudasmmnar wdunamuiuuning [M] [D] uaz [K]
=) = A 4 Y] o ' av
v lulimanlasumlasaunandovamesiyu li msudaumsaaiuzding luauive
a a o’g YA~ 1 g 3 axaa Y o 1 ) o
M HNUTU 92 1995HaA19NA 19 (central difference) 1131211 uABNUBN IF T UINI HANBTIMTY
9 4 y ] 1 { a A 1
msunaunsnsiadeun luaniugsag (Kwon and Bang, 2000) TagtloNa15a135HaA1g

nang azld

R 620
% _ i [{X}H—At_ {X}I—At] (5.22)

UNUMFUNITN (5.21) tag (5.22) adluaumsn (5.20) a2'ld

M 1X)™ = {F.y | (5.23)
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Taeh

My 1= { 7 [M]+ Z—M[D]} (5.24)

N R | Pt B L] (529

2At

= A a 4 a a . . 14
B3 [M ] LA {Feﬁ} A0 1UNINGUIAYTLANTHA (effective mass matrix) HAZIINIAD TSI
Aa A o W o & < ) o

Usz@NTHa (effective force matrix) M1Ua 19U asuudsagihiluruaeulumsmiuianinisg
o A I o A J Y o = v ’:91
duazinowiluszeznszialovomasviyulil 1dasseazioaas T1il

gz A o a 4

VUADUN 1 : MUIVWUNNINFTEVVAUNITIIN [M] [D] vag [K]

g’/ A o 1 4 A 1 % 4 [
duaoui 2 : Mruaa1iou luGudun t=0 Fulszneumonnmesminszia {x}°

9

s 5 G{X}O 9 & o 2 A o w s 0
LAZLINEIBDITIANITULI F NIDUNNTUAWINIADTUDILIINNIENINVUDIAD T {F}

9
cY

4, . " . 62{x}° 4 A v
YUADUN 3 : MUIUANINABTAINITI o Tuaumsn (5.20) Faausouaadla

2e
=he

MMaz} —(Ff [D]{} ~[KIY (526

S { o . p o A ) v o & Y
VUNDUN 4 : MUIUAINNDINTNTZIANNAT — At TaslFanudunusveIaun1sn

(5.21) tag (5.22) Faausouaad ldaail

o, at

= e - 20 A

(5.27)

g’/ ~ o a o a A 9 A

UAUN 5 : MdwmnInduIadseansna [, | laelyaunsi (5.24)

g P~ o J a A 9 A

duaouh 6 : uIunmmeiusalszansua {F, | Tavlyaumsi (5.25)

g { o J 4 @ { [ {
Juaaui 7: Muraainmesnansgiainaiall = luaunish (5.23)

3’, A v o A o % g’l A = Qy
"lHﬂu'lJ“l/]!’JﬁWﬂﬂth t+ At autdumsins lurunoun 6-7 IUNIITAUGA T,



a

v H i
Junona1eq N laesiuierun oagisiulugivewnugildasg i 5.5

A g9
( LIUAU )

\ 4

MuINIAE[M], [D],

\ 4

0
t=0 MuuaAt, T,,{x}°, d{d?

guveya{Fy°

v

2 0
AU M

dt’
GRS

v

MUIU[M , ]

>
«
A

MUIU[F,, ]

v t=t+At

M g

~ a [ < A J
g'ﬂVI 5.5 LLN‘L!Q?Jﬂ15ﬂWU’Jﬂ!ﬂ"I'iﬁuﬁsz’JucluiJ@m@i
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5.4 a3y
= dy Y A sas Jaa s A o

uni 51 Idesuien1slszgnads I luvis@muiiemuiamivuinveanis
< A ¢ s a oA 4 A )
duazieuvewemas luasaaanie Ismesvyy Tasnionsanlugiuunvealeandunis

o & [ 4 { v @ v W 1

nsgiadsodoanmsniandeuinlugivesaunmseyiusaiyduauded 1eazBenn1eg

{ ° 1 a o Jaa s A 3 °
Tunnil vzih lgnisdszang Isunsu T luisdwuiime 19iuTdsunsusaowanis

Fuaznounaz lanandsluuni 6 ae'li



UNN 6

o 1 & d d a d
Tﬂ3un‘suc‘nmaawama1uuumﬁmgazﬂ15tmazaﬁeummmma{lummﬂan

6.1 NN
o 4 o 1 ] <3 <
ATIIADIHAND A UINMIA AU INLUINHANUAZVUIAVDINMTTUALINOUYBY BLDCM
J Aa P 1 =y a 4 a o g

TusisananniSeniiauidanataes (spindle motor) ¥u1a 12V Iuaudseil 1414

a 4 . o I 9 a 4
ABUNIADS Intel Pentium 15 2.4 GHz, 4 GB SD-RAM @5 uszunana Taeladszang 1o

Jaa c’dy I a P dy Y

TusieamuivuduTdsunsuaeuiinnes a1 Tuae 1151058 MATLAB UUSINTIUV04

o a [l < 4 A % " A
HUUTIAINNABIAREAT VDI AU ANLAL AUNTNTIAROUNNYNRDY TasSUAIBUNA

% I o [ aa o a o A 14
FuiuguanyuzvegaaouazdauuiaINNsas19nsaon 1uia lag g TdsunsuWEuns

4
S A

) ] A o [ s A = =< @
ﬁ?!ﬁ%gﬂ“ﬁﬂ Gmesh N1591003WA 3J'J€°’Ii]1_|ﬁ$ﬁ\iﬂlW@ﬂﬂHWﬂ\iﬂWiﬂi%ﬂ']ﬂ@]’)‘llf]\i
] I~ o ] ] dy d' Y o 4 d’ 4 a IR
AUINLUT AN ALV UIN ‘uuwmn‘ﬂum@mmmmesmaiimaiwqﬂﬂ LAaSUNITICHIN
) A J o 2’, A dyd Y 1 = 1 a Nl
vurveIMsauazneuluyewmes Aslu Uy 6 1 m”lﬂﬂanmmwwsmmmmm VDN
s 9 o a = 9 o (] <
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Computation of Magnetic Field Distributions
in Spindle Motor for HDD by Using
Finite Element Method

S. Juntana, and P. Pao-la-or

Abstract—This paper presents a set of mathematical model of
magnetic fields in a spindle motor of computer hard disk drive
(HDD) by using a set of second-order partial differential equations.
Computer-baged simulation utilizing the two-dimensional time-
stepping finite element method is exploited as a tool for visualizing
magnetic fields distribution through the cross-sectional area of a
spindle motor operating with steady state rotor movement. Finite
Element Method (FEM) is one among popular numerical methods
that is able to handle problem complexity in various forms. At
present, the FEM has been widely applied in most engineering fields.
Even for problems of magnetic fields distribution, the FEM is able to
estimate solutions of Maxwell’s equations governing the machine
systems. To solve this time-dependent system, a step-by-step
numerical integration of the backward difference algorithm is
applied. To evaluate its use, 12-V, 8-pole, 12-slot and Y-winding
permanent magnet brushless d¢ motor was tested. As a result, the
magnetic field distribution through the cross-sectional area of the
spindle motor was well described. Moreover, the paper discusses
about the distribution of electromagnetic forces resulting from the
magnetic field acting on the stator teeth around the air-gap. The
computer simulation based on the use of the FEM has been
developed in MATLAB programming environment.

Keywords—Spindle Motor, Finite Element Method (FEM),
Magnetic Field, Time Stepping Method

I INTRODUCTION

O design permanent magnet brushless dc motor which is

spindle motor for computer hard disk drive (HDD)
requires accurate prediction of the machime behaviors, e.g.
magnetic field, electromagnetic force, etc. These are based on
magnetic field distribution passing the motor cross-sectional
area. To analyze magneto-dynamic of the motor, there are two
main methods of magnetic field calculation: 1) permeance
wave theory and 11) numerical approximation methods (e.g.
finite difference: FD or finite element methods: FEM) [1].
With lack of accuracy, the first approach is not often used for
this purpose, especially when nonlinearity of magnetic cores 1s
mvolved. The FEM is applicable to a broad range of solving
electromagnetic problems due to its flexibility, and accuracy.

S. Juntana is with the School of Electrical Engineering, Institute of
Engineering, Suranarec University of Technology, Nakhon Ratchasima,
THAILAND (e-mail: sumritm5140978¢@hotmail.com).

P. Pao-la-or is with the School of Electrical Engineering, Institute of
Engineering, Suranaree University of Technology, Nakhon Ratchasima,
THAILAND (corresponding author to provide phone: 0-4422-4407; fax: 0-
4422-4601; e-mail: padej@sut.ac.th).

300

Application of the FEM to analyze spindle motors is inclusive.
In addition, this method is more efficient than the FD method
due to flexibility and accuracy, and it can gain several
advantages when it is applied to spindle motors. The most
powerful method for investigating the steady state and
dynamic performance is circuit-field-coupled time-stepping
FEM which can couple the field equations with the motion and
circuit equations and solve simultaneously at each time step. In
this paper, a time-dependent system in a spindle motor is used
for test. The time dependence of the field and the motion of
the rotor are modeled by the backward difference scheme. This
results m a set of partial differential equations (PDE).

In this paper, Section IT presents the mathematical model of
spindle motors for HDD, while Section III describes the 2-D
FEM by using Galerkin approach applied to spmdle motors for
the purpose of obtaining magnetic field distribution and
electromagnetic  force Modeling and numerical
smmulation of a spindle motor using time-stepping FEM 1s
presented. The domain of study with the 2-D FEM can be
discretized by using linear triangular elements. The simulation
conducted herein is based on the FEM method given in
Section III. All the programming instructions are coded in
MATLAB program environment. Information of the test
example and simulation results are shown in Section IV.
Finally, the last section provides the conclusion.

wave.

II. MODELING OF A SPINDLE MOTOR

In magnetic field calculations, the magnetic vector potential
A carries a bundle of mformation consisting of magnetic field
B, and induced electromagnetic forces F. For convenience,
some assumptions are made as follows: the magnetic materials
are isotropic, and the displacement currents are negligible due
to low supply frequency (50 Hz) [1] Hence, (1) describes the
temporal and spatial variations of A of permanent magnet
brushless dc motor which is spindle motor for HDD when
considering the problem of two dimensions in cartesian
coordinate (x,y) based on a set of Maxwell’s equations [2], [3].

af10a) a(18A 2A OH, 8H_
ol e e e L it T S [
el ge Ox ) Oy\ u Oy ot Cx &y
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, where 2 is the permeability of the magnetic material, & is
the conductivity of the conducting media, H, iz the coercive
force, and Jj is the applied current density.

Analytically, there is no simple exact solution of the above
equation. Therefore, in this paper the FEM iz chosen to be a
potential tool for finding approximate magnetic field solutions
for the partial differential equation described asin (1) [4], [5].

The permanent magnet brushless dc motor consists of
stationary 3-phase stator windings and permanent magnets on
the rotor. Fig. 1 shows the detail of the spindle motor for HDD
of this paper. It is a brushless de motor with 12-V, 8-pole, 12-
dlot and Y-winding. A brushless dc motor cannot work without
electronic controllers. The terminal voltages on the stator
windings of each phaze are controlled by the power electronic
switches. The typical input voltage waveforms are shown in
Fig. 2 [6].

Yoke

Fig. 1Detail of the tested spindle motor with dimension (rmrm)

0° 60° 120° 150°240%300° 360" 420" 480"

_I_l—,_I_L

Va

Fig 2 Typical input voltage waveforms
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The electrical dynamics can be written as [7]

F | |[R 0 0fi

F.l=|0 R 0|ij,
F. 0 0 R|i
; @)
L-M 0 0 J i, e,
+| 0 L-M 0 |—|i |+]| e

0 L-M dti e

4 4
where I, I and ¥, are the stator phase input voltages, i, i
and i, are the stator phase currents, ¢, 2, and e, are the phase
back emf voltages, and R, L, and M are the phase resistance,
phase inductance, and mutual inductance, respectively.
The el ectromagnetic torque is given by [8],

ei +ed +ei
Te: aa Bh e (3)
@

where e is the rotor speed. The mechanical dynamics can be
written as

%:(Te—TL—Bco)/J )
%zw (5)

where J is the moment of inertia, Bis the viscous damping, T,
is the load torque, and #is the rotor angle.
Thus, relation between (2) — (5), (6) can be obtained.

; 0 0 0 0
I L-M
L. 0 # 0 0 0
al; |- L-M
dt| 1
@ 0 0 — 0 0
2] 0 0 V7 0
| 0 0 0 0 1]
Ty _
v 1 T 0 0 0 0 i1 e
1 .
v, - i e
b Q TEY: 0 o 0 .a ] (6)
Vc - 1 I Bl I
0 0 0 — 0 0 @ T,
0 0 0 1/J 0 J2] 0
| 0 0 0 1]
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The spindle motor parameters [7]:
J = 0.0002265 kg-m*

B = 0.004 N-m/rad/s

el = 0.185 V/rad/s

L-M = 0.000365H

R =02980

Stator phases are driven by an inverter to supply the motor
with a current waveform that produces constant torque during
regions of constant back emf. The simulated phase current
waveforms have quasi-square wave shapes as shown in Fig. 3
with magnitudes of current, the control signal, to get a constant
torque. The stator coils are switched every 60 electrical
degrees, with one phase tuming on or turning off: The
electrical position is defined such that movement of the rotor
by 360 electrical degrees brings the machine to an identical
magnetic orientation.

5

Curegrt G4

-H

=S

= L 1 £
g a.45 a3 0¥ i) 825 Gz .3
Hmais:

Fig. 3 Simulated three phase stator currents

III. TIME-STEPPING FEM FOR A SPINDLEMOTCOR

A. Discretization

The domain of study with the 2-D FEM can be discretized
by using linear triangular elements. This can be accomplished
by using Gmesh for 2-D grid generation. Fig. 4 displays grid
representation of the test system. The region domain consists
of 1,657 nodes and 3,050 elements to represent the entire
motor cross-section.
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Fig. 4 Discretized cross-section of the spindle motor

B, Finite Element Formulation

An equation governing each element is derived from the
Maxwell’s equations directly by using Galerkin approach,
which is the particular weighted residual method for which the
weighting functions are the same as the shape functions. The
shape function for 2-D FEM used in this research is the
application of 3-node triangular element (two-dimensional
linear element) [6]. According to the method, the magnetic
vector potential is expressed as follows

Alx,y)=AN, + AN, +4,N, @]

where M, , # =i, j,kis the element shape function and the A, ,
#n =1 j,kisthe approximation of the magnetic vector potential
at each node (7 j,k) of the elements, which is

v, = a, +bxtey ®
ZA,

where A, is the area of the triangular element, which is
expressed as

11& Y,
AQZE 1 x v ®
1 x, »n
and
a =Xy -my,  b=y,oy, e =xo-x,
Ay =X YV =X, Ve bj:yk_.yiv C; =X —
ap =Xy, mx Y, b=yioy,, o =x -y
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The method of the weighted residue with Galerkin approach
1s then applied to the differential equation, refer to (1), where
the integrations are performed over the element domain €J.

(aba)sa e 1S

SH, oH
+fAQ%deAQ£——L “}ﬂzo
Q Q ax ay

, or in the compact matrix form

ot [ = {7 10)
A 211
M= Z=]1 2 1
12
11 2
) bb +ecce, bb tece, bbb tcc,
£]= Ty bb,+c,c;, bbb +cc,
‘ Sym b.b +c.c,
c; ; JA 1
{ﬂf%?hkcijy% s
c, b, 1

where M is the magnetization of permanent magnet

(M=—pH_,), and v is the reluctivity of material
(v=1/,u) which =t e, when g and tf, are the
free space permeability,
respectively. It notes that #4, is 4mx107 H/m.

relative permeability, and the

To simulate the motor movement, we need to discretize
(10). The method of discretization used herein is based on
(11). Therefore, a time-dependent field is solved by
discretizing the time at short time interval At. Although there
are three basic methods of the time discretization: forward
difference method (/7=0), backward difference method (f=1),
and Crank-Nicholson method (g=1/2), the backward
difference 1s used due to its convergence [6].

Sl va- iy - 7

For this technique, (10) can be rewritten at time #+4¢. Thus,
(10) becomes (12). Insert (11) into (12}, (13) can be obtained.

by ey = gy

an

12
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(Bl =By + 3

For one element containing 3 nodes, the expression of the
FEM approximation 1s a 3x3 matrix. With the account of all
elements in the system of n nodes, the system equation is
sizable as the nxn matrix.

IV. FEM SIMULATION RESULT

The boundary conditions applied here are zero magnetic
vector potentials at the outer perimeter of the spindle motor
and the inner perimeter of the stator core. In the time-stepping
FEM, the information from the last tuime update can be
successfully used as the imtial solution to reduce the
computing time when solving the FEM equations. The size of
each time step is the time needed for the rotor to turn fixed at
AG= (360/(8x12))° (8 1s number of pole and 12 is number of
slot). The machine used in this paper 1s a 12-V, 8-pole, 12-slot
and Y-winding. The eight magnets are made of Samarium-
Cobalt with relative permeability of 1.154, conductivity of
2.5x10° S/m, and coercive force of 550,000 A/m, while the
relative permeability of the stator core is 1,000.

The test system previously described is simulated by a FEM
solver written in MATLAB programming. The curl of the
magnetic vector potential A is magnetic field B (B = VxA). Its
components along x and y axes are computed by

4

B - (’ij}z _ cA +c£A]+ckAk (14)
bA +b A +bA

Bf:_%% ‘[;;:ifiii} (15)

Moreover, radial flux density B, and tangential flux density
B, acting on the amr-gap can be expressed in cylindrical
coordinate as a function of B, and B, , i.e.

B,= B, cos¢+B, sing,
B, = —B_sing+ B cosg

where ¢ 1s the counter-clockwise angle of a stator-tooth center
with respect to the positively horizontal axis.

Fig. 5-8 show the magnetic vector potential distribution of
the spindle motor at steady state resulting from the change of
rotor position of 0, 60, 120 and 180 degrees clockwise,
respectively. To be consistent, Fig. 9-12 show the magnetic
fleld distribution at steady state resulting from the change of
rotor position of 0, 60, 120 and 180 degrees clockwise,
respectively.
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Fig 5 Magnetic vector potential distribution (whim)
at rotor position 0° Fig. 8 Magnetic vector potential distribution (whfm)

at rotor posthon 1507

Fig. 6 Magnetic vector potential distribution (whim)
a rotor position §0° Fig. 9 Magﬂeﬁcﬁe]d distribution (T)
at rotor position 0°

Fig. 7 Magnetic vector potential distribution (whim) Fig. 10 Magnetic field distribution (T)
at rotor position 1207 at rotor position 60°
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Fig. 11 Magnetic field distribution (T)
at rotor position 120°

Fig. 12 Magnetic field distribution (T}
at rotor position 180°

From which the results of magnetic vector potential that
distribute throughout the cross-sectional area of the spindle
motor at steady state for the change ofrotor position of 0, 60,
120 and 180 degrees clockwise as shown in Fig. 5-8. As can
be seen, the zero magnetic vector potential occur at the outer
perimeter of the spindle motor and the inner perimeter of the
stator core which are boundary conditions. There are eight
regions of magnetic flux lines circulating the slot with the
highest current density, so-called the magnetic pole. This
explains that permeance of the magnetic path of the regions
around the magnetic pole is low. Interestingly, the movement
of the flux line plot in these four rotor positions also show the
magnetic fields revolving in clockwise direction. In Fig. 9-12,
the magnetic field distributed in the spindle motor at steady
state when considering the change of rotor position of 0, 60,
120 and 180 degrees clockwise. As can be seen, the lowest
magnetic field occur at all of the stator slot, the magnetic field
is relative to the magnetic vector potential. In other word, the

305

magnetic field
potential.

is the rate of change in the magnetic vector

Fareein)

Fig. 13 Distributed electromagneti ¢ force wave

Maxwell’s stress equations were also used to determine
the distribution of the electromagnetic forces across the air gap

in the radial direction obtained from % = (1/2u, B — B?)

[9] and is shown in Fig. 13.

V. CoNcLUsION

This paper describes the modeling and simulation technique
of the magnetic field distribution in permanent magnet
brushless dc motor which is spindle motor for HDD by using
the Finite Element Method (FEM) instructed in MATLAB
programming codes. The results show that this method is
gimple and effective to illustrate how magnetic field
throughout the cross-sectional area of the spindle motor. With
this advantage, further work based on magnetic field
calculation to analyze the spindle motor, e.g. magnetic
vibration, noise, harmonic, heat losses, eic, can be developed
and, with this simplification, difficulty of computing is
considerably reduced or eliminated.
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